Many pathogens must bind to entry receptors on the surfaces of host cells yet avoid any closely-related phagocytic decoy receptors on granulocytes that evolved as a host defense mechanism. The discovery of decoy-receptor polymorphisms in human populations now points to an evolutionary process that allows the host to catch up with pathogens.
Pathogens that invade host tissues must overcome two major hurdles during infection: they must gain a foothold on epithelial cells for entry into the host and they must also manipulate the host's defense system to their advantage. Engagement of carcinoembryonic antigen-related cell adhesion molecules (CEACAMs) by pathogens accomplishes both. Normally involved in the regulation of immune reactions, glucose metabolism, and tissue homeostasis, epithelial CEACAMs expressed on the surface of tissues such as lung, the genitourinary tract and intestinal mucosa can also serve as attachment and entry sites for a wide range of pathogens [1, 2] . One of them, CEACAM1, can also act as an inhibitory receptor on immune cells due to an inhibitory signaling module in its cytoplasmic tail [3] . These distinctive properties are rarely found in other receptors [4] , and make CEACAMs particularly attractive to a subset of human-colonizing pathogens. Indeed, epithelial CEACAMs have been recurrently appropriated by a wide spectrum of bacterial and fungal pathogens such as Neisseria, Moraxella, Haemophilus, Helicobacter and Candida. These pathogens use a variety of unrelated CEACAM-binding proteins (so-called 'adhesins') to interact with host tissues [1, 5, 6] . These microbes can inflict serious harm, causing a variety of diseases including fatal brain infections and venereal diseases that cause infertility. Given this double vulnerability, how is a host to respond? Enter the granulocytespecific decoy receptor CEACAM3. Equipped with an adhesin-binding domain very similar to that of CEACAM1, and an ITAM-related endocytic motif, this CEACAM receptor facilitates rapid engulfment and destruction of bound bacteria [7] [8] [9] . Not unexpectedly, studies on clinical isolates and laboratory strains showed that pathogens are selected to express adhesins that preferentially bind to CEACAM1 but often avoid the phagocytic receptor CEACAM3 [10, 11] .
In this issue of Current Biology, Adrian et al. [12] investigated the host side of this evolutionary arms race. CEACAM1 is known to be under selective pressure to avoid pathogen binding [13] . The question addressed in the new work is whether the decoy receptor CEACAM3, like CEACAM1, is also under pressure to diversify to counteract loss of pathogen binding ( Figure 1 )? To answer this question, Adrian et al. [12] had to resort to ape and Old-World monkey genomes to identify CEACAM3, as it is hard to recognize their counterparts (orthologs) even in other, more distantly related primates. Pairwise sequence comparisons of primate adhesin-binding domains revealed a large excess of non-synonymous over synonymous nucleotide changes (that is, they observed a prevalence of mutations that alter the amino-acid sequence). Thus, CEACAM3 is under exceptionally strong positive selection and indeed belongs to the most rapidly evolving genes in primate genomes.
This translates into loss of recognition of human CEACAM3-binding adhesins from a diverse set of bacterial pathogens (Neisseria, Moraxella and Haemophilus) by CEACAM3 from more phylogenetically distant primates. Interestingly, replacement of a three-amino-acid stretch in the adhesin-binding region of gorilla CEACAM3 with the corresponding sequence found in human and chimpanzee CEACAM3 allowed recognition of the OMP P1 adhesin from Haemophilus aegypticus and pathogen internalization. Remarkably, a single amino-acid exchange seems to be sufficient for this expanded adhesin recognition. Thus, minor amino-acidsequence changes allow evolutionary adaptation to gain control of a pathogen.
Evolution of receptor:decoy-receptor systems creates a dilemma from a microbe's point of view. Pathogens must evolve adhesins that bind to their respective entry receptors yet avoid binding to very similar receptors that lead to their destruction. The sequence space they can be selected from during evolution should be rather small. To identify aminoacid sequence motifs that allow exclusive binding to CEACAM1, Adrian et al. [12] examined a panel of CEACAM-binding proteins from Neisseria (the Opa adhesins) and Haemophilus (the OMP P1 adhesins). As expected, the majority (56%) of adhesins interacted with CEACAM1 alone, 44% were recognized by both receptors, and none bound to CEACAM3 alone. Next, the authors changed the eight amino-acid positions that differ between the adhesin-binding regions of CEACAM1 and CEACAM3, both individually and in combination, in CEACAM3. Simultaneous replacement of all eight amino acids led to firm binding of all adhesins, which previously did not interact with CEACAM3. Inclusion of two changes was most important for recognition of an extended set of neisserial adhesins. Amazingly, these two changes, as well as two additional substitutions in the adhesin-interacting region, can be found as high-frequency CEACAM3 polymorphisms (co-occurring >85% of the time) in people in African and Africaoriginating populations -reaching 36% in some African populations. Most astonishingly, these CEACAM3 allelic variants exhibit extended binding patterns to pathogen adhesins indicating recent selection for diversity in humans. Heterozygosity with the more common allele would obviously confer an advantage to bearers by recognizing a wider range of bacterial pathogens.
Different selective forces act on hosts and pathogens. Host decoy receptors are selected to bind bacterial adhesins, and entry receptors are selected against binding. For the pathogens the inverse would be advantageous. These different selection pressures drive the pathogenbinding sequences of the receptors apart. Replacement of the adhesin-binding sequence in CEACAM3 with that of CEACAM1 would reset the system: pathogens that bind CEACAM1 would now adhere to the phagocytic decoy receptor equally well. Did that happen in the African population? Probably yes. The high frequency of co-inheritance of the four CEACAM3 polymorphisms is a strong indication, and the mechanism involved could be gene conversion. This involves copying of the relevant CEACAM1 gene sequence to that of CEACAM3. Indeed, gene conversion events between CEACAM1 and CEACAM3 have been observed in humans [14] . Gene conversion appears to be favored by the inverse transcriptional orientation of CEACAM1 and CEACAM3-like members, an orientation that is indeed found in almost all species analyzed [13, 15] . This unique receptor:decoy-receptor system turned out to be very successful during evolution. Found also in fishes and frogs it evidently persisted for hundreds of millions of years [13, 15, 16] . Often, exchange of genomic regions with the exon encoding the pathogen-binding domain between CEACAM1 and CEACAM3-like genes is observed. This would counteract loss of sequence similarity between putative pathogen receptors and their corresponding decoy receptors [13, 15] . Therefore, sustained pathogen challenge seems to be the driving force behind the evolutionary success of the receptor:decoy-receptor system. Why then are there species with CEACAM1 but without CEACAM3-like members? These include rodents and New World monkeys and gibbons as noted by Adrian and colleagues [12] . These species probably lost CEACAM3like members because there was or is no challenge by CEACAM1-binding bacterial pathogens. Alternatively, viral pathogens such as the mouse hepatitis virus (MHV) [17] may have appropriated CEACAM1 as a receptor. Viruses in general are highly dependent on just one entry receptor, which can probably be more easily counteracted by the host through fixation of non-binding receptor alleles as found for MHV [18] . In this case, decoy receptors might not be required for defense.
Interesting questions still remain. As Adrian et al. [12] mention, identification of CEACAM-binding pathogens in other primates, but also in other mammals and non-mammalian vertebrates, would be of great interest. Finding CEACAM-binding pathogens would help to further decipher the complex arms race between microbes and multicellular organisms involving decoy receptors. In addition, evolutionary analysis of epithelial pathogen-binding CEACAMs, including their variation in human populations, would be highly desirable. Above all, the results by Adrian et al. [12] grant us a rare glimpse into ongoing human and pathogen co-evolution by highlighting the complex interplay of antagonizing pathogen receptors with bacterial adhesins.
Protoplasmic flow carries signals through fungal networks, alerting distant regions to predators or new food sources. A new study now shows that, by regularly alternating its direction, this flow links up all parts of the network, revealing new degrees of control over flow within fungal networks.
Nuclei within animal and plant tissues behave essentially feudally; walled off from each other by cell membranes, playing roles that are dictated by the differentiated cells they inhabit. By contrast, fungal multicellularity represents a form of nuclear anarchy, with potentially tens or even hundreds of nuclei floating within a common sea of cytoplasm, formed by compartments linked via septal pores. As a further complication, the nuclei are totipotent: reminiscent of the demon Raktab ıja of Hindu mythology, whose every drop of spilled blood regrew into a duplicate of himself, if any part of one of the fungus' cells is severed, it can potentially regrow a complete clone of the parent.
Although fungi break the mold of classical multicellular organisms, they are capable of complex multicellular behaviors. All parts of the bread mold
